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Review Article  Compte rendu

Current and future regenerative medicine — Principles, concepts, and 
therapeutic use of stem cell therapy and tissue engineering in equine 
medicine

Thomas G. Koch, Lise C. Berg, Dean H. Betts

Abstract — This paper provides a bird’s-eye perspective of the general principles of stem-cell therapy and tissue 
engineering; it relates comparative knowledge in this area to the current and future status of equine regenerative 
medicine.

The understanding of equine stem cell biology, biofactors, and scaffolds, and their potential therapeutic use in 
horses are rudimentary at present. Mesenchymal stem cell isolation has been proclaimed from several equine tissues 
in the past few years. Based on the criteria of the International Society for Cellular Therapy, most of these cells 
are more correctly referred to as multipotent mesenchymal stromal cells, unless there is proof that they exhibit the 
fundamental in vivo characteristics of pluripotency and the ability to self-renew. That said, these cells from various 
tissues hold great promise for therapeutic use in horses. The 3 components of tissue engineering — cells, biological 
factors, and biomaterials — are increasingly being applied in equine medicine, fuelled by better scaffolds and 
increased understanding of individual biofactors and cell sources.

The effectiveness of stem cell-based therapies and most tissue engineering concepts has not been demonstrated 
sufficiently in controlled clinical trials in equine patients to be regarded as evidence-based medicine. In the mean-
time, the medical mantra “do no harm” should prevail, and the application of stem cell-based therapies in the horse 
should be done critically and cautiously, and treatment outcomes (good and bad) should be recorded and 
reported.

Stem cell and tissue engineering research in the horse has exciting comparative and equine specific perspectives 
that most likely will benefit the health of horses and humans. Controlled, well-designed studies are needed to move 
this new equine research field forward.

Résumé — Médecine régénérative actuelle et future — Principes, concepts et usage thérapeutique de la 
thérapie des cellules souches et de l’ingénierie tissulaire en médecine équine. Cet article fournit un survol 
des principes généraux de la thérapie des cellules souches et de l’ingénierie tissulaire; il établit un lien entre 
les connaissances comparées dans ce domaine et la situation actuelle et future de la médecine régénérative  
équine.

La compréhension de la biologie des cellules souches équines, des biofacteurs et des échafauds ainsi que de leur 
usage thérapeutique potentiel chez les chevaux sont rudimentaires à l’heure actuelle. L’isolement de la cellule souche 
mysenchymateuse a été proclamée pour plusieurs tissus équins au cours des dernières années. En se fondant sur 
les critères de l’International Society for Cellular Therapy, la plupart de ces cellules sont correctement appelées des 
cellules stromales mesenchymateuses à moins qu’il n’y ait preuve qu’elles présentent les caractéristiques fondamen-
tales in vivo de la pluripotence et la capacité de s’auto-renouveler. Cela dit, ces cellules provenant de divers tissus 
s’annoncent très prometteuses pour l’usage thérapeutique chez les chevaux. L’application des 3 composantes de 
l’ingénierie tissulaire — les cellules, les facteurs biologiques et les biomatériaux — est de plus en plus utilisée en 
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Introduction
The goal of this review is to provide practitioners, scientists, 
and other stakeholders in the equine industry with the latest 
knowledge of regenerative medicine and tissue engineering prin-
ciples as a basis for their critical evaluation of current and future 
cell-based therapeutic modalities in the horse. Equine regenera-
tive medicine is an exciting, but relatively new, research field. 
Current experimental and clinical use of equine stromal cells, 
scaffolds, and biofactor-based therapies are reviewed; references 
and examples related to human and laboratory animal models 
are included in an effort to elucidate comparative aspects and 
contrasts to equine cell-based therapies and tissue engineering.

What are stem cells?
Stem cells are characterized by their ability to self-renew and 
to differentiate into multiple different cell types and tissues 
(1–3). Stem cells are generally considered as being embryonic 
or nonembryonic in origin. In this article, the use of nonem-
bryonic equine stem cells mainly is reviewed, but references 
are made to human embryonic stem cell research in cases of 
principal interest. Stem cell concepts in general and in relation 
to equine regenerative medicine have been reviewed previously 
by the authors (4).

The nomenclature in the stem cell field is not consistent. The 
International Society for Cellular Therapy has recently reviewed 
the general term “mesenchymal stem cells” and has introduced 
the term “multipotent mesenchymal stromal cells” (5,6). Human 
multipotent mesenchymal stromal cells are plastic-adherent cells 
that express the surface markers CD73, CD90, and CD105; do 
not express CD45, CD34, CD14 [CD11b], CD79 [CD19], 
and HLA-DR; and have tri-lineage differentiation potential 
towards osteoblasts, adipocytes, and chondroblasts. The term 
mesenchymal stem cell should be reserved for cells that have 
shown in vivo long-term survival, with self-renewal capacity 
and tissue repopulation with multilineage differentiation (6). 
The purpose of redefining the mesenchymal nomenclature is 
primarily to enable more precise description of cell popula-
tions, thereby allowing for a more valid comparison of research 
results from different investigators. Secondly, the term “stem” 
in mesenchymal stem cells might infer more biological and 
functional properties than the cells actually possess, which might 

lead to unrealistic expectation of these cells, especially in the lay 
literature. The acronym MSC is therefore now nonspecific and 
used for both mesenchymal stem cells and multipotent mesen-
chymal stromal cells. Unfortunately, the distinction between 
these 2 mesenchymal cell populations has not been universally 
accepted; therefore, in this review, the term mesenchymal stem 
cells has been maintained as reported by the investigators, 
although many of the studies were probably conducted on 
multipotent mesenchymal stromal cells.

Widespread clinical use of human stem cells is largely 
restricted to the use of hematopoietic stem cells derived from 
adult peripheral blood, adult bone marrow, or umbilical cord 
blood. These hematopoietic stem cells are used in either an 
autologous or an allogenic fashion for the treatment of leuke-
mias, lymphomas, solid tumors, and nonmalignant disorders (7). 
For example, in patients suffering from leukemia, where the 
cancerous cells of the bone marrow are destroyed by radiation, 
chemotherapy, or both, leaving the patient severely immune-
compromised and without the ability to produce white and red 
blood cells, hematopoietic stem cells are injected IV and “home” 
to the bone marrow, where they “engraft” and repopulate the 
marrow cavity in a functional manner, allowing the patient 
to produce noncancerous white and red blood cells. Human 
multipotent mesenchymal stromal cells or mesenchymal stem 
cells (MSCs) have not yet reached mainstream clinical practice, 
but the literature is full of reports on in vitro work and work 
in animal models in which these cells are used for cell-based 
therapies and as part of solid tissue reconstruction. Cell-based 
therapies, using MSCs, are increasingly being reported in equine 
medicine.

What is tissue engineering?
Tissue engineering is the use of cells, biological factors, and 
biomaterials, alone or in combination, with the goal of restor-
ing normal tissue structure and function (Figure 1). The idea 
of tissue engineering arises from the problem that cell-based 
therapies rely on an intact scaffold (stromal connective tissue) of 
the diseased or injured tissue. In cases with widespread fibrosis 
and scar tissue, cell-based therapies may fail, due to the lack of a 
blood supply and/or the lack of a microenvironment of receptors 
and biological mediators to provide the “niche” for attracting 

médecine équine, alimentée par de meilleurs échafauds et une meilleure compréhension des biofacteurs individuels 
et des sources des cellules.

L’efficacité des thérapies basées sur les cellules souches et de la plupart des concepts d’ingénierie tis-
sulaire n’a pas été démontrée suffisamement dans le cadre d’essais cliniques contrôlés chez des patients 
équins pour être considérée comme de la médecine factuelle. Entre-temps, le mantra médical de «s’abstenir 
de tout mal» et l’application des thérapies à base de cellules souches chez le cheval devraient être utilisés 
avec discernement et prudence et les résultats des traitements (bons et mauvais) devraient être consignés et  
rapportés.

La recherche sur les cellules souches et l’ingénierie tissulaire chez le cheval possède des perspectives comparées 
et équines spécifiques qui profiteront le plus probablement à la santé des chevaux et des humains. Des études 
contrôlées et bien conçues sont requises pour faire progresser ce nouveau domaine de la recherche équine.

(Traduit par Isabelle Vallières)

Can Vet J 2009;50:155–165
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and supporting cell differentiation, proliferation, and function. 
Total joint replacement with a cell-based, in vitro, engineered 
joint that will completely integrate in vivo and provide the 
recipient with life-long function is an often cited tissue engi-
neering goal, but so far it is far from reality, because multiple 
biological and technical barriers exist due to our incomplete 
understanding of the developmental biology of bone, cartilage, 
and soft tissues, as well as the difficulty of storing whole organs 
prior to transplantation without cell and tissue death occurring. 
However, improved repair, if not regeneration, of focal defects 
like traumatic cartilage injuries may result from tissue engineer-
ing in the near future.

Literature reviewed
Medline, The Commonwealth Animal Bureaux (CAB), Agricola 
PlusText, and the World Wide Web search engine Google were 
used to collect and review most of the references. The keywords 
used in the search of the databases were stem cells, mesenchy-
mal, umbilical cord blood, umbilical cord matrix, Wharton’s 
jelly, immunogenicity, cell tracking, cryopreservation, safety, 
equine, lameness, arthritis, osteoarthritis, tendon, tendonitis, 
tissue engineering, biological scaffolds, gene-therapy, embryonic 
stem cells, stem cell stemness, stem cell plasticity and transdiffer-
entiation. In addition, papers were identified from the reference 
lists of other papers, or through personal knowledge of reports 
or conference proceedings. Only peer-reviewed publications 
were considered and referenced for this review.

General and comparative considerations in 
stem cell-based therapies
Stem cells can be injected as a cell suspension or as part of an 
injectable scaffold. Injection-based stem cell therapy is attrac-
tive because of its minimal invasiveness, the relative ease of the 

procedure, the ability of incorporated scaffolds to conform to 
normal anatomic form, and the reduced cost, morbidity, and 
decreased recovery time when compared with that of trans-
plantation by open surgeries (8). Injection sites vary between 
systemic injection into peripheral or local vessels and direct 
injection into diseased tissues or body cavities. Currently, trans-
fusion of hematopoietic stem cells is the only injectable stem 
cell treatment that has become mainstream in human medi-
cine (9). However, experimental injection of MSCs in models 
of cardiac infarct, stroke, and meniscus regeneration have shown 
very promising results (10–17). In cartilage repair models, the 
compressive load exerted on the injected cells and scaffolds has 
proven to be a major challenge (8,18); an attractive option for 
cartilage and bone repair may be injectable scaffolds loaded with 
stem cells that, after injection, undergo a phase transition to gel 
form, but this approach requires better scaffold materials than 
those currently available (8).

Recently, the in vitro observation that MSCs may suppress 
T-cell function (19–22) and the positive clinical response to 
IV injection of MSCs in prevention or treatment of graft ver-
sus host disease have prompted research into using MSCs for 
diseases of inflammatory or immunological origin (23–26). 
Based on the observations in nonequine species, the following 
equine diseases appear to lend themselves well for future stem 
cell research: equine herpes virus encephalomyelopathy due to 
the stroke-like nature of the condition; laminitis due to the 
vascular damage caused by microthrombi, mechanical factors, 
and ischemia; and equine recurrent uveitis due to its autoim-
mune pathophysiologic component. The immune modulatory 
findings in human studies suggest a potential use of allogenic 
stem cells, and, in fact, a pilot project, using equine cells in the 
horse, has been reported recently (27). Although the latter study 
included only 2 horses and very short-term monitoring of 10 or 
34 d, the apparent lack of cell-mediated immune response to 
allogenic cells injected into induced lesions of the superficial 
flexor tendon is encouraging. Larger controlled clinical studies 
with longer time outcome evaluations are needed to ensure the 
safety and efficacy of allogenic stem cell use in the horse.

Fundamental differences exist in the ways that MSCs are 
used clinically. Most equine and human clinical studies report 
on the use of bone marrow derived MSCs (BM-MSCs) that 
have been expanded in culture in vitro prior to in vivo use 
(27–32). However, there are reports where the mononuclear cell 
fraction without a cell selection step has been used in equine, 
human, and laboratory animal studies (33–36), and reports 
where techniques have been used to select or remove certain 
cell populations, based on surface markers prior to injection 
(37,38). Each of these different approaches have their pros and 
cons. Isolation and culture expansion of stem cells prior to use 
provide a percieved degree of quality control and an expectation 
that an observed treatment effect is caused by the stem cells. 
However, laboratory handling exerts selection pressure on the 
stem cells, and bone marrow stem cells from humans have been 
shown to have limited proliferative and/or functional potential 
after prolonged time in culture (39,40). Therefore, theorecti-
cally, it is possible that the injected, culture-expanded, stem cells 
have different characteristics from those of most of the stem cells 

Figure 1.  The components of tissue engineering are cells, 
biological factors, and scaffolds as illustrated by the brown, 
yellow, and blue circles, respectively. These components can be 
used alone or in any possible combination. Determination of their 
mechanism of action and regulatory approval generally becomes 
increasingly complex and difficult with the number of components 
included. Figure by Koch and Berg.
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in the original sample, which may lead to their reduced repair 
potential compared with that of nonexpanded stem cell popula-
tions. However, such comparisons have not yet been performed 
experimentally. The direct use of cell-suspensions containing a 
mixture of nucleated cells (macrophages, neutrophils, mesen-
chymal stem cells, etc.), such as the “mononuclear cell fraction” 
or “vascular-stromal fraction,” reduces the in vitro selection 
pressure on the cells and allows for harvest, isolation, and treat-
ment during a single surgical procedure (34–36). Some concern 
with this approach is whether a critical number of stem cells 
are needed for inducing repair, in which case, do nonexpanded 
cell suspensions contain enough stem cells. Evaluating the role 
of stem cells in this “shotgun” approach is difficult and the 
role that other cells in the cell suspension play in tissue repair 
deserves investigation. Preliminary feasibility and safety studies 
in human patients with cardiac ischemia have been performed 
(34–36), and these studies indicated a possible beneficial effect 
of the procedure compared with baseline parameters measured 
prior to treatment. Randomized clinical trials with sufficient 
patient numbers are needed to determine the efficacy of using 
nucleated cell fractions. Oertel et al (38) selectively isolated 
liver progenitor cells (Dlk-1 positive cells) from fetal liver tissue, 
using immunomagnetic beads, and immediately transplanted 
them into mice, where they repopulated the liver. This approach 
is attractive, since selection of the desired cell type may allow for 
more targeted therapies. However, the technique requires that 
specific surface markers are known and available for the desired 
cell type, and that sufficient volumes of donor tissue or fluid 
are available to isolate required cell numbers. Therefore, culture 
expansion may still be required.

Currently, heterogenous populations of undifferentiated 
MSCs are used in the horse. Mesenchymal stem cells are clono-
genic in nature, meaning that multiple discrete cell populations 
are isolated from a single bone marrow sample. Each of these 
cell populations has a common ancestral cell, the putative stem 
cell, and the different cell populations may vary with regard to 
reparative potential and lifespan (41). Pooling of the cells into 
1 cell line for clinical use may not be optimal, since suitable cell 
populations may be diluted and/or inhibited by less efficient cell 
populations. The use of undifferentiated cells relies on the local 
tissue environment, the so-called “niche,” to guide the stem cells 
into the desired phenotype and function, which may be compro-
mised, especially in diseased or injured tissues. Whether the use 
of stem cells that are partly differentiated in vitro towards the 
injured tissue type prior to in vivo application would optimize 
stem cell efficacy is not known at this time.

The optimal time of treatment and the optimal dose and 
route of administration of stem cells have not been determined 
for any stem cell, lesion, or animal species. In a rat model with 
induced cardiac infarct, the MSC engraftment, MSC survival, 
and cardiac function parameters were better in rats treated 
1 wk after lesion induction than in rats receiving MSC treat-
ment 1 h, 2 wk, and 1 mo after the injury (42). It is speculated 
that the better results at 1 wk were due to reduced inflamma-
tion when compared with treatment after 1 h and to reduced 
scar tissue formation when compared with treatment after 
2 wk and 1 mo. More research is needed to establish the most 

favorable treatment regimes for specific stem cells and lesion  
types.

Current stem cell therapies in the horse
In the horse, only the therapeutic use of adult MSCs derived 
from bone marrow has been reported (27–30,33,43). The 
efficacy of these treatments is difficult to determine, since the 
use of control animals is rarely reported and often the stem cell 
treatment is combined with other biological factors, such as 
bone marrow supernatant, autologous serum, or platelet-rich 
plasma. In 2003, Smith et al (28) were the first to report on the 
reimplantation of culture-expanded autologous bone marrow-
derived MSCs into a spontaneously occurring core lesion of the 
superficial digital flexor tendon. This case demonstrated the 
feasibility of using culture-expanded MSCs therapeutically, but, 
more importantly, no adverse reactions were noted at 10 d or 
6 wk post-injection. Bone marrow-derived autologous MSCs are 
now offered commercially for treatment of ligament and tendon 
injuries, but data from controlled clinical trials on the efficacy 
of this treatment modality has lagged behind clinical use, due 
to technical difficulties in developing a good injury-induced 
model of core tendon lesions and the reluctance of horse own-
ers to enroll valuable horses in a controlled study with placebo 
treatment groups.

In 2007, Pacini et al (29) reported that 9 out of 11 Italian 
racehorses with spontaneously occurring incomplete lesions 
of the superficial digital flexor tendon returned to racing and 
were still racing 2 y after treatment with bone marrow-derived 
culture-expanded MSCs. All 15 control horses reinjuried the 
tendon within 4 to 12 mo. Ultrasonographic evaluation revealed 
superior fiber alignment in the MSC-treated tendons compared 
with that in the tendons of the control horses. The significance 
of these observations is difficult to determine for a number of 
reasons: 1) The MSCs were resuspended in autologous serum 
for injection. 2) The horses were not randomly allocated to 
treatment and control groups. Instead horses were included in 
the treatment group based on availability of the MSC procedure 
and owner consent to the use of MSCs. The allocation of horses 
based on owner preference introduces the risk of owner-induced 
placebo effect, since owners of MSC-treated horses may adhere 
more stringently to the rehabilitation program. 3) The number 
of MSCs injected varied widely between horses (range 0.6 3 106 
to 31.2 3 106) and the age of the horses also varied, with the 
MSC-treated horses being 2 to 15 years of age and the control 
horses being 4 to 8 years of age. 4) Histological examination 
and molecular analysis, which would have helped determine 
the quality of the repair tissue, were not possible due to the 
continuing performance of the horses.

Crovace et al (33) created core lesions in the superficial digital 
flexor tendon by injecting collagenase into 3 of 4 tendons in 
3 horses. The lesions were then treated with either culture-
expanded BM-MSCs suspended in fibrinogen, freshly isolated 
mononuclear cells from bone marrow aspirates suspended in 
fibrinogen, or a placebo treatment with an unknown substance. 
The purpose of this study was to evaluate whether the culture 
expansion of BM-MSCs provides an advantage over the use of 
freshly isolated mononuclear cells from bone marrow aspirates, 
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since avoidance of cellular culture expansion would allow for a 
1-step procedure. However, the tendon lesions created by col-
lagenase injection varied, the number of cells varied, and the 
volume of fibrinogen in which the cells were resuspended varied. 
Thus, the number of variables used makes comparisons between 
the treatment groups exceedingly difficult.

Recently, autologous and allogenic BM-MSCs were trans-
fected with green fluorescent protein (GFP) prior to injection 
into surgically induced lesions of the superficial digital flexor 
tendon in 2 horses (27). This pilot study was not designed to 
evaluate treatment efficacy, but it warrants attention because it 
involved the injection BM-MSCs of allogenic origin, as well as 
the use of a cellular marker. Significant adverse reactions were 
not observed clinically during the 30-day study and on histologi-
cal examination of the lesions, there was no increase in the num-
ber of inflammatory cells surrounding the GFP-marked MSCs 
of allogenic versus autologous origin. Further studies are needed 
to evaluate whether the allogenic use of MSCs in the horse is 
safe and efficacious. This report on the use of cellular markers in 
in vivo equine MSC studies will greatly strengthen future claims 
of MSC treatment efficacy and especially the mechanism(s) 
by which MSCs exert their effect. However, the use of GFP is 
hampered by the need to 1) obtain tissue samples through tissue 
biopsies or at postmortem examination, and 2) determine ways 
of tracking the injected cell fraction in vivo.

The use of MSCs in equine cartilage repair is increasingly 
being studied. However, most work has been restricted to in 
vitro studies (44–50), and there are no reports on the feasibility, 
safety, and efficacy of MSCs in horses suffering from sponta-
neously occuring cartilage injuries. Wilke et al (30) induced 
cartilage lesions in the femoropatellar joint of 6 horses and 
treated the defects with autologous fibrin alone or in combina-
tion with culture-expanded BM-MSCs. They noted improved 
healing characteristics in the fibrin/BM-MSC-treated group, 
compared with the group treated with fibrin alone, at follow-up 
arthroscopic examination 30 d after treatment. This difference 
in treatment outcome was not sustained 8 mo after treatment, 
when no difference was observed between the 2 groups. More 
studies are needed to determine if the initial difference in treat-
ment outcome was a genuine MSC-mediated effect. Under 
in vitro culture conditions, MSCs do not divide indefinitely 
and it is possible that the lack of sustained superior treatment 
effect in the fibrin/BM-MSC group was due to the death of 
injected MSCs or their becoming metabolically inactive with 
time (39,40,51,52).

Autologous cancellous bone is often used in equine patients 
with substantial bone loss in order to enhance bone repair by 
providing a scaffold of osteoprogenitor cells (some of which are 
MSCs) and various growth factors (53–56). However, the num-
ber of osteoprogenitor cells in equine cancellous bone has been 
shown to vary between donor sites (57–59) and due to decreased 
potency of the MSCs, because of either an age-related decline in 
MSC number with increasing age or reduced metabolic function 
of MSC from aged individuals, as has been reported in human 
studies (40,51,52). The use of culture-expanded or otherwise 
purified and concentrated equine MSCs may therefore be desir-
able in selected cases in order to obtain a sufficient number of 

cells with appropriate osteogenic potential. A number of reports 
have evaluated the in vitro potential of MSCs from various 
equine tissue sources to differentiate towards the osteogenic 
cell lineages (44,46,49,60–63), but the in vivo use of culture-
expanded or purified MSCs or of fractions of mononuclear 
cells in equine experimental or clinical cases for enhanced bone 
repair have not been reported. Mesenchymal stem cells and 
bone regeneration in veterinary medicine has been reviewed in 
detail elsewhere (54).

The retention of culture-expanded BM cells in repair tissue of 
the soft palate in a horse 14 d after surgical repair of a naturally 
occuring cleft palate has been reported (43). The cells were 
injected directly into the repaired tissue at the end of the surgical 
repair procedure. The regenerative or reparative significance of 
the injected cells is unknown, due to the short follow-up period 
and the lack of a control case.

Scaffold-based therapies in general
Scaffolds can be injectable, noninjectable, simple, complex, 
biological, or synthetic in nature. An important paradigm to 
have in mind when evaluating any scaffold-based therapy is the 
interaction between scaffold and tissue (Figure 2). The ideal scaf-
fold has sufficient strength to protect cells from compression and 
shearing forces, while still having injury site anchoring potential 
and porosity to allow nutrient and differentiation factors to 
diffuse through it. The scaffold must also degrade at a rate that 
optimizes cellular growth and tissue regeneration. Such ideal 
scaffolds have not yet been designed. The optimal time point for 
evaluation of a scaffold-based treatment is also critical, and the 
best determination of treatment success can probably be made 
only after the “scaffold-tissue transition phase” has passed, which 
depends on the scaffold, cells, and tissue in question. In-depth 

Figure 2.  Ideally, any scaffold is degraded at a rate optimum for 
allowing complete tissue regeneration and ultimately replaced 
entirely by the regenerated tissue. Survival of the transplanted 
cells and successful tissue integration relies on diffusion of 
biological factors through the scaffold. The scaffold-tissue 
transition phase might be associated with decreased mechanical 
strength and function, leading to treatment failure if the scaffold 
degrades faster than the tissue can regenerate. On the other 
hand, a slowly degrading scaffold might impair and, potentially, 
prevent proper tissue healing. These concepts should be 
considered when evaluating scaffold-based studies and the time 
point chosen for evaluation of treatment success. Figure by Koch 
and Berg.
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discussion of scaffolds in general and in relation to bone repair, 
cartilage repair, and repair of thick tissues has already been pub-
lished and is beyond the scope of this paper (8,64–72). Instead, 
the characteristics and potential of scaffolds currently licensed 
for use in the horse will be reviewed.

Simple scaffold therapies
One biological and 1 synthetic extracellular matrix scaffold are 
commercially available for use in the horse at this time.

Porcine urinary bladder matrix (UBM) is marketed as an acel-
lular biological scaffold (Acell Vet; Acell, Columbia, Maryland, 
USA) for use in the horse. The product is available as powder, 
sheet, or granules; as a gel; and in disc form. Possible applica-
tions according to the manufacturer include, but are not limited 
to, tendon and ligament injuries, hoof and hoof wall injuries, 
corneal ulcers, dental extractions, full and partial thickness 
wounds, burns, and post surgical skin closures. In a dog model, 
esophageal reconstruction was supported if the scaffold was 
covered with autologous muscle tissue (73). Porcine UBM scaf-
fold alone resulted in intractable esophageal stricture, whereas 
using muscle alone resulted in similar results to using muscle 
combined with the scaffold. Full thickness experimentally 
induced myocardiac defects in dogs showed improved short-term 
healing 8 wk after coverage with porcine UBM-derived sheet 
scaffolds when compared with repair with a Dacron patch (74). 
Degradation products from porcine UBM-based scaffolds have 
shown antibacterial activity in vitro against Staphylococcus aureus 
and Escherichia coli (75). To the authors’ knowledge, there are no 
reports on using porcine UBM for ligament or tendon repair in 
horses or any other species, although a scientific review article 
conveys the impression that this treatment approach is rooted 
in evidence-based medicine (76). Scientifically validated studies 
are needed before porcine UBM-based scaffolds in horses can 
be recommended.

Synthetic extracellular matrix scaffolds (EquitrX; Sentrex 
Animal Care, Salt Lake City, Utah, USA) have recently become 
available to the equine practitioner for the treatment of skin 
wounds. The scaffolds are hydrogel films made of chemically 
cross-linked glycosaminoglycans (77). No reports are available 
on the product’s efficacy in the horse. In a pig model of skin 
wounds, enhanced healing was observed on days 3 and 5, but 
on day 7, no statistical difference was noted compared with that 
in the control group (78).

Complex scaffold therapies
Replacing whole joints with artificial joints has benefited thou-
sands of human patients and the longevity of these implants 
continues to increase with improved patient selection, improved 
surgical technique, and better implants (79–82). The number 
of young human patients with very active lifestyles receiving 
joint replacements is increasing and the long-term performance 
of established and new techniques and materials remains to be 
seen in these patients. Development of techniques that can 
replace the diseased joint in a more biological way, allowing 
life-long treatment success, is being investigated. Such complex 
tissue engineering is ambitious and requires a multidisciplinary 
approach. Current target tissues of complex tissue engineering 

include oral and craniofacial tissues; bone; joints and articular 
cartilage; tendons and ligaments, including their critical inter-
faces with bone; and heart valves (83). Some of the general 
challenges include contaminated repair sites (oral cavity); scaf-
fold designs; cell-surface interactions, promoting desirable cells 
and discouraging undesirable cells to adhere to the injury site; 
growth-factor delivery (which, when, and how much); in vivo 
tools for clinical assessment; and scale-up of cell and scaffold 
production to accommodate repair of large defects.

There are no reports on the use of engineered complex tis-
sues in the horse. In sheep, engineered osteochondral-like plugs 
for use in mosaic arthroplasty have been investigated (84). 
These studies used autologous chondrocytes, not stem cells, 
loaded on to a polycalciumphosphate scaffold. This biphasic 
construct was cultured in vitro prior to placement in induced 
defects in the stifle. Improved healing was noted histologically 
when compared with that in the sham operated contralateral 
joint. However, the compressive and shear strength of these 
constructs is below that of native osteochondral plugs (85). 
Compressive and shearing forces are higher in the horse than in 
the sheep, so compression- and shearing-induced injuries might 
be of significance if the technique were to be transferred to the 
horse in its current form. However, mosaic arthroplasty, using 
autologous or allogenic osteochoindral plugs, is currently used 
in selected equine patients and continues to be investigated in 
experimental models (Figure 3) (86). The correct cells combined 
with the correct scaffold may improve the outcome of mosaic 
arthroplasty in the future.

Figure 3.  Autologous osteochondral grafts are currently used 
in mosaic arthroplasty for selected focal cartilage defects in the 
horse. Incongruency between graft and native cartilage, as well 
as reduced biomechanical properties of the graft compared 
with native cartilage and bone, are the main limitations of the 
technique today. In the future, tissue engineering and stem 
cell-based therapies may help to negate these limitations. The 
asterisk (*) marks 1 of several autologous osteochondral grafts 
placed in the medial femoral condyle following harvest from the 
medial trochlear ridge of the same stifle joint. Image: Courtesy 
of Dr. Mark Hurtig, University of Guelph.
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Biofactor treatments and gene-therapy
Recombinant human bone morphogenetic protein-2 (rhBMP-2) 
and platelet-derived growth factor-BB (rhPDGF-BB) are licensed 
for use in human medicine to enhance lumbar interbody fusion 
and orofacial reconstruction (87–91). These 2 biofactors exem-
plify the increasing use of biofactors in human medicine. 
Biofactors are used indirectly in equine medicine, as discussed 
under stem cell-based therapies, in cases where stem cells are 
combined with platelet rich plasma, bone marrow supernatant, 
or autologous serum. No purified biofactors are licensed for 
use in the horse.

In vitro studies on the effect of platelet rich plasma (PRP) 
on equine ligament and tendon explants have demonstrated 
increased transcription (upregulation) of anabolic genes and 
increased secretion of proteins, including cartilage oligomeric 
matrix protein (COMP), which is a protein believed to play an 
organizational role in tendon and ligament matrices (92,93). 
Smith et al (93) also evaluated acellular bone marrow superna-
tant, which had a better effect than PRP on protein and COMP 
secretion. Most recently, acelluar bone marrow supernatant was 
shown to have an anabolic effect on tendon matrix products 
that was superior to that of platelet poor plasma, plasma, or 
blood (94). Insulin-like growth factor-1 has been shown to 
improve cellular and molecular healing parameters in an in vivo 
equine collagenase-induced tendonitis model (95). However, the 
mechanical strength of the tendon tissue did not vary between 
the treatment and control groups. The dominating molecular 
family in tendon regeneration is the bone morphogenetic 
protein (BMP) family, where growth differentiation factor 5 
(GDF5), GDF6, GDF7, and the signaling mediators (Smads), 
in particular Smad8, appear to be of major importance for 
tendon healing (96–98). Regenerative treatment approaches 
to equine tendon healing have recently been reviewed (99). In 
vivo studies are needed to evaluate efficacy and safety before the 
use of these biological products becomes part of routine clinical 
medicine in horses.

Gene therapy in the horse is reviewed briefly here, since gene 
therapy may be a way of enhancing the performance of regen-
erative therapies in the future through specific in vivo biofactor 
release at the injury site. The rationale is that a virus vector is 
able to invade the endogenous cell type of interest and alter its 
function by integrating an exogenous gene into its genome, thus 
enabling the cells to overexpress an existing gene or express a 
gene novel to that cell type. Subsequently, the cells will tran-
scribe the implanted gene material into mRNA and translate it 
into functional protein. Gene therapy for various biofactors has 
mainly been investigated in vitro and experimentally in horses 
for the purpose of arresting osteoarthritis and/or improving 
joint cartilage healing, but gene therapy has yet to become a 
widespread clinical practice (100–112). Encouraging short-term 
results have been obtained in equine arthritis models by over
expression of interleukin-1 receptor antagonist protein (IL-1Ra) 
and insulin-like growth factor-1 (IGF-1), but long-term results 
have been less favorable. However, the technique continues to 
improve and more hyaline-like cartilage was present in equine 
cartilage defects treated with chondrocytes transfected to over-
express IGF-1 than in defects treated with native chondrocytes 

(100); the expression of IGF-1 decreased over time in this study. 
Multiple factors, including the target cell type, may affect the 
longevity of gene expression after transfection. Equine bone 
marrow-derived MSCs transfected by using recombinant and 
modified adenoviruses have shown greater permissiveness and 
sustained expression of transgenes than equine chondrocytes 
and synovioytes (112). Fundamentally, genes can be delivered to 
the target cell in 1 of 2 ways: 1) The target cell can be cultured 
in vitro, transfected with the gene(s) of interest, and then deliv-
ered to the patient, a process known as ex vivo gene transfer and 
used by Goodrich et al (100) in the above cited study; 2) virus 
vectors containing the gene(s) of interest can be injected directly 
into the patient where the they seek out the target cells, invade 
the cells, and insert the gene into the cellular genome, so-called 
in vivo gene transfer. In vivo gene transfer is appealing due to 
its decreased cost, decreased laboratory involvement, and ease 
of administration, but concerns have been raised against this 
direct use of viral vectors after adverse effects were reported in 
human patients where unwanted immunoreactions were trig-
gered (113,114). Morisset et al (102), in an equine model of 
induced chondral defects, have investigated in vivo gene transfer 
as follows. Adenovirus vectors containing the genes coding for 
IL-1Ra and IGF-1 were injected intraarticularly after a cartilage 
defect had been created. No macroscopic or histological differ-
ences were noted between the treatment, control, and placebo 
groups after 16 wk. However, biochemical assays revealed 
increased type II collagen and proteoglycan content in the early 
repair tissue phase of the treatment group compared with that 
in the other groups.

A variation of the technique, called in vivo electroporation, is 
the direct intramuscular injection of naked DNA in the form of 
plasmids. It has been reported in the horse as a potential treat-
ment for chronic laminitis (115): Injection of the gene coding 
for growth hormone releasing hormone (GHRH) resulted in 
weight gain, increased erythrocyte production, and increased 
IGF-1 levels in 6 nonlaminitic horses. Two horses suffering 
from chronic laminitis gained weight and showed an improved 
lameness score 6 mo after treatment. This plasmid-based therapy 
technique is attractive, since it avoids the use of a virus-vector.

Long-term storage of stem cells and engineered 
tissues
Cryopreservation and long-term storage of stem cells will 
greatly enhance the applicability of stem cell-based therapies. 
Embryonic stem cells have proven to be difficult to cryopreserve; 
this remains an unsolved problem, although new techniques 
show promising results (116,117). The long-term cryotoler-
ance of equine bone marrow-derived MSCs is unknown. In a 
human study, the in vivo engraftment capacity of BM-MSCs 
in patients with hematopoietic disease was not affected after 
2.0–7.8 y of cryopreservation (118). Human cord blood-derived 
hematopoietic stem cells showed normal in vitro functions after 
5 y of cryopreservation (119). The frequency of isolating viable 
mesenchymal-like stem cells from frozen mononuclear cell frac-
tions of human umbilical cord blood was significantly lower 
than that from fresh, nonfrozen mononuclear cell fractions, 
so stem cell isolation and expansion is recommended prior to 
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cryopreservation (120). In conclusion, the upper time limit for 
cryopreservation of stem cells is currently unknown.

Cryopreservation of engineered complex tissues is experi-
mental, but it might provide an “off-the-shelf ” product in the 
future. Vitrification is the most promising cryotechnique for 
this purpose at present (83).

Safety considerations of stem cell-based 
therapies
The safety, both short-term and, in particular, long-term, of 
stem cell technologies is largely unknown. In the horse, no 
controlled safety studies have been performed and no central 
regulatory body is overlooking the current liberal and empiri-
cal use of these cells in horses. To date, there have not been any 
reports of significant adverse reactions. However, this could be 
due to reporting bias.

Use of the cells and technologies presented here in the horse is 
likely to continue and expand in the near future. The establish-
ment of a safety or adverse effect body, where unexpected clinical 
outcomes could be reported, is encouraged at this time. Until 
clinical efficacy has been proven, such an institution would, at 
least, be able to assess whether these procedures “do no harm.” 
Safety concerns to consider include, but are not restricted to, 
aberrant cell development and tissue or vehicle contamination 
with infectious agents or foreign biological and nonbiological 
substances used in the laboratory processing of the stem cells.

A requirement for authenticity of any embryonic stem cell 
is its capacity to form teratomas in immune suppressed mice. 
The extent to which adult and neonatal stem cells can form such 
teratomas, or other undesired tissue types, is less well studied, 
but this possibility should be considered if and when stem cell-
based therapies are being used (121).

Transmission of infectious diseases is of special concern if 
allogenous cells are being used. Obviously, an animal with clini-
cal or hematological signs of systemic disease is unlikely to be 
used as a stem cell donor for allogenic transplantation, but the 
possibility of adult stem cells harboring agents of latent chronic 
diseases has not been studied to the authors’ knowledge. The 
risk of infection associated with xenotransplant techniques have 
been studied. Studies evaluating the risk of viral transmission, in 
particular porcine endogenous retrovirus, from pig livers used 
for extracorporeal liver perfusion, showed that immune com-
promised mice did become infected, but immune-competent 
baboons did not (122,123). Potent immunosuppresive drugs 
are not commonly used in equine medicine, but the risk of 
immunosuppression secondary to disease should be considered 
before instituting allogenic-based therapies. Overwhelming 
cell death of the injected cells could potentially impair tissue 
repair or, in more severe cases, trigger a significant inflamma-
tory response.

The horse as an animal model for stem cell and 
tissue engineering studies
The horse is already established as an animal model for focal car-
tilage injuries and osteoarthritis (100,124). Advantages of horse 
joint models compared with those of other animals are their 
sheer size, which allows for easy manipulation and exploration, 

and their cartilage thickness and composition, which most 
closely resemble those of human articular cartilage among the 
current animal models (124). In addition, the subchondral bone 
plate of equine bone is significantly thicker than that of rabbit 
and sheep bone, which allows for more reproducible cartilage 
defects without inadverent penetration of the subchondral 
bone plate, a potential for treatment bias (100). The main 
disadvantages are cost and heterogenic genetic composition, 
which require the use of larger animal numbers than when 
inbred animals are used. The horse has also been advocated as 
an animal model of tendon and ligament injuries, since many 
of the spontaneous injuries seen in horses are similar to those 
seen in human athletes (125). Other equine tissues and diseases, 
such as wounds and various hypoxic ischemic injuries, seem 
like straightforward candidates for equine stem cell research. 
The use of the horse as an animal model for stem cell therapies 
is not without problems at this time, especially due to a lack of 
equine-specific molecular markers needed to precisely character-
ize the cell populations. These short-term limitations are likely 
to be overcome with time, as more research is done in the horse, 
thus positioning the horse as a good long-term animal model 
for stem cell therapies.

It has been argued that indisputable proof of stem cells as 
curative of an animal disorder/disease may provide the “tipping-
point” for the public debate surrounding human stem cell 
research (126). The rationale is that if stem cell therapy can 
cure a naturally occurring animal disease or injury (not artificial 
induced injuries in small laboratory animals), who would then 
be against human stem cell research and therapies?

The understanding of equine stem cell biology, biofactors, 
and scaffolds, and their potential therapeutic uses in horses is 
rudimentary at present. Stem cell research in the horse has excit-
ing comparative and equine specific perspectives that most likely 
will benefit the health of horses. Controlled, well-designed stud-
ies are needed to move this new equine research field forward. 
The application of stem cell-based therapies in the horse should 
be done critically and cautiously, and treatment outcomes (good 
and bad) should be recorded and reported.
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